This paper is the second of two papers, describing probe measurements of deposit buildup and removal (shedding), conducted in a 350 MW th suspension-fired boiler, firing straw and wood. Investigations of deposit buildup and shedding have been made by use of an advanced online deposit probe and a sootblowing probe. The influences of feedstock (i.e., straw share in wood), flue gas temperature (600−1050°C), probe surface temperature (500 and 600°C), and probe exposure time on deposit shedding have been quantified. Quantification of naturally occurring deposit shedding and deposit shedding during plant sootblowing was made via deposit mass uptake signals obtained from the deposit probe. The deposit shedding process was characterized by calculation of the amount of deposit removed at a shedding event (g/m 2 ) and the frequency of the shedding events (h −1 ). The results showed that the shedding process is stochastic and that the amount of deposit shed varies even at constant local conditions. However, the deposit shedding rates showed an increasing trend with increase in flue gas temperatures and probe deposit mass loads. The deposit shedding rate was in most cases higher at a probe temperature of 500°C than at a probe temperature of 600°C. A possible reason for this is partial melting and/or sintering of the innermost deposit layer (rich in K, Cl, and S) at higher probe surface temperature. This could cause the adhesion strength of the deposit to the probe to increase at the higher probe temperature. Quantification of the necessary peak impact pressure (PIP) needed to remove the deposit was also made by use of a sootblowing probe in conjunction with the deposit probe. Results of deposit removal by artificial sootblowing showed that the deposits formed on a 500°C probe temperature and at exposure times of <91 h can be removed with a PIP of <55 kPa. However, increase in probe exposure time and/or probe surface temperature (600°C) significantly increases the PIP needed to remove the deposits.
■ INTRODUCTION
The focus on substituting fossil resources by biomass has significantly increased the interest in efficient use of biomass for electricity production, and this includes the use of wood or straw in large suspension-fired boilers. However, especially straw constitutes a serious technical challenge with respect to deposit formation and corrosion, due to the large content of K and Cl in straw. 1−9 Deposit formation and corrosion problems limit the maximum applicable superheater temperature and, thereby, limit the electrical efficiency. In the case of severe ash deposition, boiler shutdown and expensive manual cleaning of the heat transfer surfaces may be needed. To minimize deposition problems, different strategies can be employed, for example, the use of additives that can convert gaseous inorganic species to less harmful forms, pretreatment of fuels by leaching out alkali, cofiring with coal, and the use of effective depositshedding techniques. 10−16 Use of additives and pretreatment of fuels by leaching are less cost-effective compared to the use of effective deposit shedding techniques. 7,10−14 Ash deposit buildup during biomass combustion is a dynamic process consisting of both deposit formation 14, 15 and shedding. 12, 14, 16 The most common industrial methods used to shed deposits from superheater tubes include sootblowing, mechanical vibrations, detonation wave techniques, shotcleaning methods, thermal tensions, and rapping gear systems. Shedding may be initiated at the surface of the deposit, along the deposit tube interface, or inside the deposit depending on the local boiler conditions and the deposit properties. Important mechanisms of ash deposit shedding are 14, 16 (1) erosion, when nonsticky, relatively large, and sharp-edged fly ash particles often rich in quartz collide with nonsticky areas on a deposit surface causing deformation (ductile deposits) and a cutting action (brittle deposits); (2) gravity shedding, when the gravity force exceeds the tube adhesion strength; (3) through temperature changes and differences in the thermal expansion coefficients of the tube and deposit; local temperature changes may be caused by sootblowing or boiler load fluctuations; and (4) mechanically induced tension in the deposit typically caused by vibrations or sootblowing.
These mechanisms include both naturally occurring and artificially induced shedding. Natural shedding includes processes such as surface melting, erosion, and thermal shock. Steam, water, and air sootblowing are the most common artificial shedding techniques applied to remove deposits from superheater tubes. Biomass-fired boilers often have several sootblowers depending on the local flue gas temperature, deposit-sintering characteristics, and deposit quantity. 14, 16 The cleaning effectiveness depends on the sootblower location, the cleaning media applied, and the peak impact pressure (PIP) reached when sootblowing is performed. 16−19 Sootblowers effectively remove fouling deposits, but to ensure maximum boiler thermal efficiency, cost-effective use of sootblowers is also important, because these may consume a significant percentage of the boiler steam production. 20 In addition, a high superheater temperature (>550°C) is needed due to the corresponding increased electrical efficiency, and therefore deposit shedding at elevated superheater temperatures is of significant interest. 20 Optimization of plant sootblowing and other deposit shedding conditions is important to facilitate efficient removal of deposits from biomass-fired boilers.
Full-scale deposition and shedding measurements provide useful and real information with respect to better understanding of deposit shedding and minimizing fouling and slagging in biomass-fired boilers. Ash deposit shedding through surface melting in the high-temperature superheater region at the Avedøre straw grate-fired boiler was investigated by Zbogar et al. 21 The results showed that deposit surface melting is the main mechanism of straw ash deposit shedding, at flue gas temperatures >1000°C. Deposit shedding in the Avedøre straw grate-fired boiler was investigated by Zhou et al. 20 by using an artificial sootblowing probe in the superheater region nearer the convective pass at flue gas temperatures between 700 and 800°C
. Most deposit shedding studies have been based on measurements in laboratory-scale equipment, 18, 22 grate-fired boilers, 20, 21 and Kraft recovery boilers, 23 whereas only a limited amount of data is available from biomass suspension-firing. 24−27 The aim of this study was to investigate deposit buildup and shedding in a 350 MW th suspension-fired boiler, firing straw and wood. Paper 1 in this series 24 dealt with deposit formation, whereas this paper deals with shedding. An advanced probe was used to collect ash deposits and shedding data, which are then used to quantify naturally occurring shedding and shedding caused by plant sootblowing.
■ EXPERIMENTAL SECTION
Boiler. The probe measurements were conducted at Amager Power Station, Unit 1 (AMV1). The AMV1 boiler is a multifuel suspensionfired boiler, which was commissioned in 2009 to fire pulverized biomass (in the shape of crushed pellets) with various shares of straw and wood. The annual biomass consumption (at AMV1) is approximately 300,000 tons of wood pellets and 100,000 tons of straw pellets. The 350 MW th boiler is front wall-fired, having 12 burners located in three levels. Due to an expected increase in the corrosion rate with respect to temperature, the final steam temperatures of the superheaters are limited to approximately 540°C. 28 The boiler data are shown in Table 1 , whereas a schematic drawing of the boiler is shown in Figure 1 (more details can be seen in paper 1 24 ).
Ash Deposition and Sootblowing Probe. The advanced deposit probe was made of stainless steel, about 3 m long with an outer diameter of 40.5 mm. More details of the deposit probe can be found in other publications. 21, 24 The flue gas temperature near the probe was continuously measured, using a simple thermocouple in a protective shell. In addition, a suction pyrometer (International Flame Research Foundation model, IFRF 29 ) was also used for shorter periods in each test, to find the difference between the thermocouple flue gas temperature measurements and the true flue gas temperature measurements. On the basis of these data, corrected thermocouple temperatures were calculated (see paper 1 24 ). A charge-coupled device (CCD) camera was used to register the deposit formation and shedding processes on the probe. A schematic of the complete port setup used during the measurements can be seen in paper 1. 24 An artificial sootblowing probe with an external diameter of 42.2 mm and a length of 3 m was used for in situ removal of deposits. The schematic drawing of the sootblowing probe is shown in Figure 2a , and the detailed sootblower nozzle drawing can be seen in Figure 2b . The air pressure to the sootblowing probe was measured by using a pressure gauge, and the air pressure was increased in steps. The sootblowing probe was cooled by water. In the large port (please refer to part 1 of the current series of paper 24 ), a small port for the ash deposition probe, a port for the thermoelement, a CCD camera port, and a port for artificial sootblowing probe were placed. The sootblowing probe was placed parallel to the deposit probe. The sootblower probe nozzle was of convergent−divergent shape, and air at a supply pressure of 6.0 bar was fully expanded. 17 The sootblower nozzle was fixed at the end of the probe. The PIP of the nozzle was measured along the axial centerline as a function of the supplied air Figure 1 . Schematic drawing of the AMV1 boiler outlining the position of the plant sootblowing near the experimental setup. In total, 12 sootblowers affect the deposit shedding process, 6 along the left wall of the boiler and 6 along the right wall of the boiler. The distance of each sootblower from the probe measuring position is also shown. Sootblower 70 was very near the probe measuring position (1 m to the left) and was shut down during tests 1−5. The first number in a pair of two numbers shows the sootblowers located on the same wall where the probe is located (left wall, burner location), whereas the second number shows the sootblowers located on the opposite wall (right wall, burner location).
Energy & Fuels
Article dx.doi.org/10.1021/ef300611v | Energy Fuels 2012, 26, 5241−5255 pressure in the laboratory at room temperature. The PIP of the jet, defined as the centerline stagnation pressure of the jet, was used to define the removal of deposits by the sootblowing probe. 17 The measured values of PIP are shown in Figure 3 , and it is important to note that these values are measured at room temperature. In the applied range of PIP, there can be a minor impact of flue gas temperature on PIP, but the measurement of PIP at temperatures close to the flue gas temperature was not possible. The measured PIP increases with the supplied air pressure and drops off quickly with the axial distance from the nozzle exit ( Figure 3 ). Fuels. During the measurements, fuels were continuously sampled before the burners. The total ash contents of the fuel samples collected from all test runs were analyzed, and thereby the straw fuel fractions were determined on the basis of the total ash contents. In some cases also detailed ash analysis was made as shown in Table 2 . The analysis methods and the detailed ash analysis of pure fuels and some samples from tests 1 and 5 are shown in Table 2 . It is seen that the straw ash has high contents of Si, K, Cl, and Ca.
Overall, eight test runs were carried out, and the mean straw share during each test is shown in Table 3 . The slight difference in fuel ash contents shown in Tables 2 and 3 is due to the fact that in Table 3 mean values of each complete test are shown, whereas in Table 2 , values are shown for a sample collected just before the burners. It is also important to mention that pure straw and wood fuel samples shown in Table 2 were collected from the fuel silos, whereas fuel sample just before the burners was collected almost each day during each test. In the start of test 5, the fraction of straw in fuel was low (about 14 wt %, not shown in Table 2 ); therefore, the overall percentage of straw in fuel was low compared to the fuel samples of test 5 shown in Table 2 .
Procedure of Experiments. Ash Deposition Experiments. Measurements were conducted in the superheater region, just above the screen tubes ( Figure 1 ). The influence of fuel type (straw share in wood), flue gas temperature (600−1050°C), probe surface temperature (500 and 600°C), and deposit mass load on ash deposit formation rate was investigated. Description of ash deposition equipment and detailed interpretation of results can be found in paper 1. 24 Evaluation of probe heat uptake as a function of deposit mass load was also made for each test. A complete overview of all the conducted measurements is presented in Table 3 . Additional information, for example, air flow rate, fuel flow rate, ash flux, etc., of each test is also shown in Table 3 .
Artificial Sootblowing Experiments. Three different methods were used to quantify the PIP needed to remove the deposits on the probe (see Figure 4 ). In method 1, the sootblowing probe was placed parallel to the ash deposition probe and artificial sootblowing was started from the tip of the deposition probe with air pressure ranging from 0.5 to 4.0 bar. Method 2 is actually a continuation of method 1, where the sootblowing probe was slightly pulled out (approximately 20 cm) to remove remaining layers of the deposits by using the same principle adopted in method 1. This procedure was repeated until the nozzle of the sootblowing probe reached a distance of 1.5 m from the tip of the ash deposition probe. If the amount of deposits removed was not 
Article dx.doi.org/10.1021/ef300611v | Energy Fuels 2012, 26, 5241−5255 significant, method 3 was applied by reducing the distance between the nozzle and the deposition probe in the range of 5−20 cm, to achieve maximum values of PIP. In each position, the impact of air on the deposit probe was from a couple of seconds to a minute. In addition, in each method, the air pressure was increased in steps. The sootblowing probe was not rotated and was only pulled or moved closer to the deposit probe. During the artificial sootblowing, camera images were collected to confirm the observed changes in the deposit mass uptake signals.
Plant Sootblowing. In the superheater region area of the boiler, retractable steam sootblowers were used for a time of 5−10 min (each sootblower) at regular intervals during boiler operation, typically at 8 h intervals. Six sootblowers were placed along the left wall of the boiler and six along the right wall of the boiler as shown in Figure 1 . The sootblower located nearest the probe measuring position (approximately 1 m to the left) was shut down during tests 1−5, whereas the rest of the sootblowers located farther away from the probe measuring position were in operation during all tests.
■ RESULTS AND DISCUSSION
Ash Deposit Formation Rate. The total amount of deposit collected on the probe is a function of both the deposit formation process and shedding events. Two different measures of deposit formation rate were used in the analysis of the data. The first is the integral deposit formation rate (IDF rate) found by dividing the integral mass change over integral time intervals (on the order of several hours) by the time interval. A second measure, the derivative-based deposit formation rate (DDF rate), was determined by averaging the deposit mass uptake signals over short time intervals (on the order of minutes), calculating the local values of the time derivative of the mass uptake, removing large negative values signifying major shedding events, and finally time smoothing the derivatives to remove excessive noise. Further details about the deposit formation rate determinations are presented in paper 1. 24 Video Observations of Shedding Events. The deposit mass uptake signals were continuously monitored, and depositshedding events were confirmed by video recordings. The deposit mass uptake signals during test 1 are shown in Figure 5 . We have divided the shedding events into naturally occurring events and sootblowing-initiated shedding events. Even when the nearby sootblower is turned off, the increased thermal and mechanical fluctuations induced by the rest of the sootblowers may increase the shedding rate. No artificial probe sootblowing measurements were conducted during test 1.
Confirmation of some deposit shedding events was made using the images collected at 20−30 s intervals. It was found that deposit shedding was primarily through debonding from the surface of the deposit probe; an example of a deposit shedding event is shown in Figure 6 . No deposit shedding through surface melting was seen in the videos collected from any of the tests, even though a flue gas temperature of >1000°C was observed during tests 4 and 5. Earlier investigations by Zbogar et al. 21 showed shedding through surface melting in a straw grate-fired boiler, at local flue gas temperatures >1000°C. Possibly the high contents of Si and Ca in the fly ash of the AMV1 boiler, and the relatively lower concentrations of the inorganic volatile elements (K, Cl, and S), cause a higher melting temperature of the ash deposits generated by the suspension-cofiring of straw and wood. 24, 30 Monitoring of deposit shedding from inspection holes very close to the port position revealed a small amount of deposit shedding through erosion when nonsticky, relatively large, and sharp-edged SiO 2 -rich fly ash particles collide with nonsticky areas on a deposit surface. A significant amount of Si in the fly ash formed during straw and wood suspension-firing has been reported. 24, 30 Generally, most of the deposits were removed by debonding, where larger pieces detached from the tube surface.
Deposit Removal (Shedding). As discussed in paper 1, 24 during the calculation of DDF rates, a particular negative slope cutoff level was selected to determine major shedding events accurately while still giving a satisfactory prediction of apparent DDF rates. The selected cutoff level was −3800 g/m 2 /h for all tests. 24 This cutoff level strikes a balance between including larger shedding events in the analysis and preventing deposit mass signal noise from being counted on a shedding event. 24 The selected minimum magnitude of a shedding event included in the analysis was −105 g/m 2 , and this was calculated by eq 1. (1)
The flue gas temperature and deposit probe mass uptake signals are shown in Figure 5 for test 1. The temperature measurements by the thermocouple show temperature fluctuations in the range of 500−800°C. The deposit mass and plant sootblowing-induced shedding events. The naturally occurring shedding was defined to occur when the plant sootblowers were not in operation, and no artificial sootblowing tests were made. Sootblowing-induced shedding events can occur when the plant sootblowers are in operation. Typically, a plant sootblowing operation lasts for about 1−2 h. The lengths of intervals between naturally occurring shedding incidents are very variable as seen in Figure 5 . In the first 10−12 h, natural shedding occurs often, but with only small amounts of material. From about 12 to 21 h, the intervals between shedding events become longer, and the amounts removed in the single events are also larger compared to the previous period. Finally, from 29 to 55 h, natural shedding is infrequent, but the shedding amount is again relatively small. These changes in behavior may be related to varying boiler operation parameters, but it is worth noting that during the full 55 h, the baseline of deposited mass on the probe increased slowly from 0 to about 2500 g/m 2 . Similar behavior was observed in most of the other tests also.
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Under these conditions, analysis and quantification of natural shedding during the long time test is done by averaging over shorter time intervals. These are long enough that short time random behavior does not influence results unduly, but short enough that local operating and probe conditions may be considered fairly constant. Thus, each test was divided into sections of 6 h, which were used for the data analysis to characterize the deposit shedding by means of magnitude of events (g/m 2 ) and the incidence rate (deposit shedding frequency, h −1 ). With regard to natural shedding, this allowed us to calculate mean incidence rates (mean natural deposit shedding frequency), f nat,6 , as the number of shedding events in a 6 h interval divided by the interval time. It should be noted that for each 6 h interval, the period of plant sootblowing was excluded in the evaluation of the natural shedding events. The mean deposit shedding frequency by natural shedding was calculated by eq 2. Figure 7 . Impact of flue gas temperature on (a) mean natural deposit shedding frequency and (b) mean plant sootblowing shedding frequency. Data points are from tests 1−5. The particular point shape represents the deposit mass load, and the color represents the probe surface temperature, whereas points (larger in size) with thick and discontinuous outer edges are representative of straw share in wood. 
The mean plant sootblowing deposit shedding frequency was calculated by eq 3, 
Influence of Different Parameters on the Shedding Process. The shedding frequency (h −1 ) and the shedding event size (g/m 2 ) are shown in Figures 7 and 8 . The mean values for 6 h periods with similar conditions are presented in Tables 4 (natural shedding) and 5 (sootblowing induced shedding). The shedding data are divided into groups to make it possible to analyze the influence of changed conditions in flue gas temperature (above or below 850°C), probe surface temperature (500 or 600°C), straw fuel share (weight fraction of straw in the fuel above or below 20%), and deposit mass load (above or below 5000 g/m 2 ). The selected criterion of flue gas temperature is based on the results presented in paper 1, 24 where it was found that the deposit formation rate increases significantly when the flue gas temperature exceeds 850°C. The second criterion was the probe surface temperature to investigate the influence of probe surface temperature on deposit shedding. The selected number (5000 g/m 2 ) for the deposit mass load is an arbitrary number, which was introduced to find any impact of deposit amount on the probe on deposit shedding. As seen in Tables 4 and 5 several of the combinations of operating conditions are without data. In two cases (straw < 20 wt %, deposit mass load < 5000 g/m 2 , flue gas temperature < 850°C, probe surface temperature = 600°C; and straw > 20 wt %, deposit mass load < 5000 g/m 2 , flue gas temperature >850°C , probe surface temperature = 600°C) only one 6 h period is presented. These cases are highlighted in italic type in Tables 4  and 5 , and statistically it is difficult to use those data because of Figure 8 . Impact of deposit mass load on (a) the mean amount of deposits removed naturally and (b) the mean amount of deposits removed by plant sootblowing. Data points are from tests 1−5. The particular point shape represents the exposure time, and the color represents the probe surface temperature, whereas points (larger in size) with thick and discontinuous edges are representative of straw share in wood. (a) Increased Deposit Load on the Probe. The mean amount of deposit removed at a shedding event is 716 g/m 2 during natural shedding and 805 g/m 2 during sootblowing-initiated shedding as seen in Figure 8 . There are seen large fluctuations in the amount of deposit removed in a single shedding event (6 h mean) from 180 to 1400 g/m 2 during natural shedding, but there is not observed any strong influence of the total deposit mass load on the amount of deposit removed in the single event (see Figure 8 ). In most cases, the probe deposit mass increases over time, and in the later stages of the experiments more than 5000 g/m 2 deposits are collected on the probe. Two sets of data with similar conditions except for an increase in deposit load are available only for a flue gas temperature >850°C, a probe temperature of 500°C, and a straw fuel share >20 wt % (as seen in Tables 4 and 5) . Going from a deposit mass below 5000 g/m 2 to above 5000 g/m 2 changed the mean shedding event mass from 632 to 854 g/m 2 during natural shedding and from 935 to 849 g/m 2 during sootblowing-induced shedding. Again, this shows that even though the deposit mass level has a tendency to increase through time, this does not strongly influence the amount of deposit released at a shedding event. The shedding frequency is increased from 1.04 to 1.89 h −1 during natural shedding and from 1.29 to 1.56 h −1 during sootblower-induced shedding for the change from a deposit mass below 5000 g/m 2 to above 5000 g/m 2 . There is also seen a clear increase in DDF rate when the deposit mass load is increased, and because the shedding frequency increases, the shedding rate (g removed/h/ m 2 ) increases with the increasing deposit mass load.
Because the amount of deposit removed at a shedding event is approximately independent of the amount of deposits on the probe, the relative amount of deposits removed (relative to total amount on the probe) is larger at low probe deposit mass. In addition, video recordings of deposit removal by plant sootblowing indicate that for shorter probe exposure time, plant sootblowing removes deposits from the entire surface of the probe, whereas a complete or partial layer of deposits is removed at higher exposure times.
With regard to the shedding properties, an increased amount of deposits on the probe leads not to a significant change in the amount of deposit lost at a shedding event but to an increase in the shedding frequency and thereby the shedding rate.
(b) Changed Probe Surface Temperature. For two sets of data (temperature < 850°C, deposit mass < 5000 g/m 2 , and a straw fuel share > 20 wt %; and temperature > 850°C, deposit mass > 5000 g/m 2 , and a straw fuel share > 20 wt %) in Tables 4 and  5 , the influence of a change in probe temperature from 500 to 600°C is illustrated. However, no clear tendencies are observed, and a systematic change in the amount of deposit shed in an event or the deposit frequency cannot be observed when the probe temperature is changed from 500 to 600°C. However, if one looks at the mean shedding rate, then the shedding rate is in most cases higher at a probe temperature of 500°C than at a probe temperature of 600°C, possibly due to partial melting and/or sintering of the innermost deposit layer (rich in K, Cl, and S) 24 at higher probe surface temperature.
(c) Changed Flue Gas Temperature. As seen in Figure 7 an increased flue gas temperature leads to an increased deposit shedding frequency; even there is seen a very large spread in the data points. By comparison of the data sets with similar Figure 9 . Total deposit shedding rate as a function of the DDF rate. Data points are from tests 1−5. The particular point shape represents the deposit mass load, and the color represents the probe surface temperature, whereas points (larger in size) with thick and discontinuous edges are representative of straw share in wood. conditions (probe temperature = 500°C, deposit mass < 5000 g/m 2 , and a straw fuel share > 20 wt %) in Tables 4 and 5 but with different flue gas temperatures (below and above 850°C), there is seen an increase in shedding frequency, and a small increase in shedding mass is also observed when the flue gas temperature is increased.
(d) Increased Fraction of Straw in the Fuel. Changes in fuel straw fraction in the fuel (from above to below 20 wt %) for the data sets with (probe temperature = 500°C, deposit mass < 5000 g/ 2 , and flue gas temperature < 850°C) show an increased shedding amount with decreased straw share. However, the mean shedding rate is low at lower straw fraction.
To summarize the main observations, the mean deposit shedding rate (shedding event amount times the shedding frequency) can be used as shown in Tables 4 and 5 .
(1) The deposit shedding rates increased at high flue gas temperatures (>850°C) and high probe deposit mass loads (>5000 g/m 2 ), at which also high deposit formation rates are observed (DDF rate).
(2) The shedding rate is in most cases higher at a probe temperature of 500°C than at a probe temperature of 600°C. A possible reason could be partial melting and/or sintering of the innermost deposit layer (rich in K, Cl, and S) 24 at higher probe surface temperature. This could cause the adhesion strength of the deposit to increase at the higher probe surface temperatures.
(3) The deposit shedding process is a stochastic process, for which the amount of deposit shed varies, even at constant conditions (Figure 8 ). The deposit amount removed is probably strongly related to the strength of the innermost salt-rich deposit layer.
Net Deposit Accumulation Rate. The total deposit shedding rate was calculated by using eq 4: 
Here, F is the fraction of time of the 6 h interval when plant sootblowers were not in operation. The total deposit shedding rate as a function of the DDF rate is shown in Figure 9 . It can be seen that with an increase in DDF rate, the total deposit shedding rate slightly increases. It is also evident that the total deposit shedding rate is lower than the DDF rate in most cases. This causes an accumulation of deposit mass on the probe with the passage of time. The accumulation of the deposits can be presented in the form of net deposit accumulation rate, a measure of the difference between the total shedding rate and the DDF rate. In addition, it is of interest for the plant operators to quantify deposit amount finally remaining on the superheater tubes as a common result of buildup and shedding. The net deposit accumulation rate was calculated by eq 5:
= − net deposit accumulation rate DDF rate total deposit shedding rate (5) The calculated net deposit formation rate is shown in Table 6 for the changed conditions in flue gas temperature (above or below 850°C), probe surface temperature (500 or 600°C), straw fuel share (weight fraction of straw in the fuel above or below 20%), and deposit mass load (above or below 5000 g/ m 2 ). The main observations are the following. (1) The net deposit accumulation rate increases with increase in flue gas temperature (see Figure 10 ). Increased flue gas temperatures increase the fraction of molten ash as well as provide an increased content of gas phase alkali species, and both will lead to an increased deposit formation rate. The increase in DDF rate was larger than the increase in deposit shedding rate with increased flue gas temperature as shown in Table 6 .
(2) The net deposit accumulation rate is low (452 g/m 2 /h) at lower deposit mass load (<5000 g/m 2 ) on the probe, compared to a value of 1155 g/m 2 /h for deposit mass load > 5000 g/m 2 ( Table 6 , probe temperature = 500°C, flue gas temperature about 900−910°C, and straw share > 20 wt %).
(3) Generally, no clear tendency for the impact of probe surface temperature on net deposit accumulation rate was seen.
Deposit Removal by Using an Artificial Sootblowing Probe. The PIP needed in the sootblower jet to remove the probe deposits at different conditions was investigated using all three methods (1−3), and the results are summarized in Figure  11 . It can be seen that increasing both probe surface temperatures and exposure times increased the PIP necessary to remove the deposits. It is also clear that deposits formed at a 500°C probe temperature and with exposure time of <91 h could be removed with a PIP of <55 kPa. With an increase in probe surface temperature from 500 to 600°C, the PIP needed to remove the deposits significantly increased. It is also interesting to note that the PIP seems to be independent of exposure time at the higher probe temperature. The higher probe surface temperature may cause partial melting and/or sintering of the innermost deposit layer (rich in K, Cl, and S). 24 This would enhance the adhesion between the deposit and superheater tube. At higher probe surface temperatures (>550°C ) and longer probe exposure times, a 2−10 mm thick layer formed on the downstream probe surface. The layer grew to make contact with the thick upstream layer. This ring-shaped layer will be more difficult to remove, because the ring must be broken by the sootblower. At lower surface temperatures (500°C ), the layer formed on the downstream side of the probe was thin, and the distinct upstream layer was easy to remove using the artificial sootblower. Figure 10 . Impact of flue gas temperature on the net deposit accumulation rate. Data points are from tests 1−5. The particular point shape represents the deposit mass load, and the color represents the probe surface temperature, whereas points (larger in size) with thick and discontinuous edges are representative of straw share in wood. Probe Heat Uptake. The heat uptake in the probe, for different deposit mass loads during test 5, is shown Figure 12a as a function of the difference between flue gas temperature and probe surface temperature. It can be seen that when the deposit mass load is higher (>5000 g/m 2 ), the slope slightly decreases due to the insulation effect of the deposit layers. The slope for different deposit loads for each test was calculated, and the combined slopes for all tests for different probe mass loads are shown in Figure 12b . A moderate reduction in the probe heat uptake was observed with increase in mass load of deposits on the probe. All of the tests provided reasonably similar results. Additionally, it can be seen that up to a deposit mass load of 5000 g/m 2 the reduction in heat transfer is steeper, whereafter the steepness of the curve is reduced. This is consistent with the deposit layer being more pronounced on the upstream side, so that most of the heat uptake will occur through the downstream side.
■ CONCLUSIONS
The overall conclusions are the following:
(1) Video recordings revealed that deposit shedding was primarily through debonding, where a deposit layer is being removed due to a breakoff of the deposit from the tube surface.
(2) It was observed that the shedding process is a stochastic process, where the amounts of deposit shed are highly variable even at constant conditions. We believe the amount of deposit shed is strongly related to the strength of the innermost saltrich deposit layer.
(3) The deposit shedding process was characterized by calculation of the average amount of deposit removed at a shedding event (g/m 2 ) and the frequency of the shedding events (h −1 ) in 6 h periods. The average shedding event magnitude was 716 g/m 2 during natural deposit shedding and 805 g/m 2 during plant sootblowing-induced shedding events. The shedding frequencies were 0.81 and 0.89 h −1 during natural deposit shedding and plant sootblowing-induced Figure 12 . (a) Impact of temperature difference between flue gas and probe surface on heat uptake for different deposit mass loads for test 5. The slope is calculated by a linear fit using the equation y = bx. (b) Sensitivity of heat uptake with change in temperature difference between flue gas and probe surface for different deposit mass loads for all tests (1−8).
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Article dx.doi.org/10.1021/ef300611v | Energy Fuels 2012, 26, 5241−5255 shedding events, respectively. On the basis of the shedding magnitude and frequency, it was possible to calculate a shedding rate (g/m 2 /h).
(4) The deposit shedding rates increased at high flue gas temperatures (>850°C) and high probe deposit mass loads (>5000 g/m 2 ) at which also high deposit formation rates are observed (DDF rate).
(5) The shedding rate is in most cases higher at a probe temperature of 500°C than at a probe temperature of 600°C.
(6) The net deposit accumulation rate increases with increase in flue gas temperature. Increased flue gas temperatures increase the fraction of molten ash as well as provide an increased content of gas phase alkali species, and both will lead to an increased deposit formation rate. The increase in DDF rate was larger than the increase in deposit-shedding rate with increased flue gas temperature. (7) The net deposit accumulation rate is low (452 g/m 2 /h) at lower deposit mass load (<5000 g/m 2 ) on the probe, compared to a value of 1155 g/m 2 /h for deposit mass load > 5000 g/m 2 (probe temperature = 500°C, flue gas temperature about 900−910°C, and straw share > 20 wt %).
(8) Generally, no clear tendency for the impact of probe surface temperature on net deposit accumulation rate was seen.
(9) A sootblower probe was used to investigate the needed PIP to remove the deposits. At lower temperatures (500°C), the deposits formed at a exposure time of <91 h could be removed with a PIP of <55 kPa. At higher probe surface temperature (>550°C), the PIP needed to remove the probe deposits significantly increases.
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